The design principles and specific proteins of the dynein -tubulin motor, which powers the flagella and cilia of eukaryotes, have been conserved throughout the evolution of life from algae to humans. Cilia and flagella can support both motile and sensory functions independently, or sometimes in parallel to each other. In this paper we show that this dual sensory -motile role of eukaryotic cilia is preserved in the most sensitive of all invertebrate hearing organs, the Johnston's organ of the mosquito. The Johnston's organ displays spontaneous oscillations, which have been identified as being a characteristic of amplification in the ears of mosquitoes and Drosophila. In the auditory organs of Drosophila and vertebrates, the molecular basis of amplification has been attributed to the gating and adaptation of the mechanoelectrical transducer channels themselves. On the basis of their temperature-dependence and sensitivity to colchicine, we attribute the molecular basis of spontaneous oscillations by the Johnston's organ of the mosquito Culex quinquefasciatus, to the dynein -tubulin motor of the ciliated sensillae. If, as has been claimed for insect and vertebrate hearing organs, spontaneous oscillations epitomize amplification, then in the mosquito ear, this process is independent of mechanotransduction.
INTRODUCTION
The mosquito hearing organ consists of a plumose antennal flagellum, which responds to movement of the air particles during sound propagation, and a large chordotonal organ, the Johnston's organ (JO), located in the pedicel at the base of the flagellum (Mayer 1874) (figure 1a). The flagellum tapers at its base into approximately 70 prongs, which resemble the spokes of an upturned umbrella. Attached to the prongs via their dendritic cilia are approximately 15 000 primary mechanosensory neurons (figure 1b) of the male JO that detect nanometre displacements of the flagellum and transduce them into receptor currents that generate neural impulses. The sensory neurons have a single distal dendrite, the outer dendritic segment being a modified cilium (Clements 1999 ) with a 9 Â 2 þ 0 microtubule structure (Boo 1981) . The mechanosensory neurons are arranged into specialized sensory units, the scolopidia, each of which consists of one to four bipolar sensory neurons and usually three types of supporting cells. These neurons are the only non-cuticular attachments to the flagellum extension and are thought to underlie its nonlinear responses to sound stimulation (Gö pfert & Robert 2001) .
Responses of the JO are thought to be powered by an active feedback mechanism, which selectively amplifies low-level responses of the antennal receptor to sound (Gö pfert & Robert 2001; Gö pfert et al. 2005) . In the vertebrate inner ear, a functionally similar amplification mechanism associated with strong feedback leads, occasionally, to loss of system stability and generation of self-sustained oscillations. These autonomous oscillations manifest themselves, for example, as oscillations of the stereociliary bundles of the inner ear receptor hair cells (Crawford & Fettiplace 1985) . These oscillations have been demonstrated to enhance frequency-selective gain and sensitivity of the system in noisy environments (Martin & Hudspeth 2001; Nadrowski et al. 2004 ), although they have also been considered as signatures of system instability caused by excessive gain (Camalet et al. 2000) . Spontaneous oscillations (SO) of the antennal flagellum have also been documented for some dipteran species when their physiological state was compromised (Gö pfert & Robert 2001 , 2003 . They have also been recorded after prolonged repetitive stimulation (Gö pfert & Robert 2001) and are thought to be powered by the sensory neurons through the same mechanism that provides power amplification of the response of the flagellum to sound (Gö pfert & Robert 2001) . Therefore, through identifying the origin of the spontaneous oscillations, the mechanism of the power amplification of responses in the insect hearing organ might also be revealed.
Two mechanisms have been suggested to amplify the mechanical response of the flagellum to sound. The first mechanism is associated with the mechanosensitive channels responsible for mechanoelectrical transduction and is essentially the same as that described for the vertebrate, hair bundle-based, amplifier (Hudspeth 1997; Fettiplace et al. 2001) . In the hair bundle model, active forces and spontaneous oscillations are produced by the hair bundle through the interplay between the gating kinetics of the transducer channels and their adaptation machinery (Hudspeth 1997) . The transduction apparatus contributes significantly towards the mechanical properties of the Drosophila acoustic receiver (Albert et al. 2007; Nadrowski et al. 2008) , hence it is possible that the transducer machinery of the mosquito JO is also harnessed to power active force production and oscillations in the mosquito flagellum. An alternative idea is that this motility is conferred by motor molecules separately from the transduction machinery. This suggestion was first proposed by Gray & Pumphrey (1958) and Thurm (1965) based on the morphology of the cilia of the sensory cell, where transduction takes place. The cytoskeletal components of the dendritic cilia, namely the dynein -tubulin system, match the functional components known to power motile cilia and flagella. Thus, it has been proposed that the cilia of insect sensory cells can produce a form of ciliary beating using a mechanism found and conserved in all eukaryotic branches (Wiederhold 1976; Mitchell 2007) . Through synchronizing their beats, the cilia of the sensory cells in the JO could cause the flagellum to oscillate.
Here we present evidence that the flagellum of Culex quinquefasciatus actively oscillates when animals are in normal physiological conditions. To identify the molecular machinery underlying the SOs, we have studied the temperature-dependence of the SOs and their sensitivity to colchicine, which is known to depolymerize the microtubules in the cilia of scolopidial units (Moran & Varela 1971) and would perturb the SO if it receives contributions from the active beat of sensory cilia.
MATERIAL AND METHODS
(a) Animal preparation Culex quinquefasciatus were obtained from the London School of Hygiene and Tropical Medicine and raised to adults in a humid environment at 268C and fed on sugar water.
Mosquitoes were secured to a brass metal block 4 Â 3 Â 3 mm in size, using low melting point bone wax (electronic supplementary material, figure S1 ). The metal block was clamped with a plastic screw onto a thin layer of electrode gel (Signa gel, Parker Laboratories Inc.) atop a ground electrode (EL212, WPI) ensuring that the gel contacted the mosquito. A fine stainless steel wire was used to apply a small bead of superglue (Everbuild) between the head and thorax and between each pedicel, thereby securing the pedicel to the head.
(b) Temperature control For temperature-controlled experiments, the metal block with attached mosquito was clamped to the bottom of a stainless steel chamber, which was attached to a Peltier element and a heat sink (see electronic supplementary material, figure S1 ). Temperature was controlled by a custom-made device with a negative feedback loop, which altered the current fed through the Peltier element in response to the temperature read by a thermal resistor. A 2-min stabilization period was left after a new temperature was set. The exact temperature of the mosquito was measured by fixing a thermocouple modulator (80TK, Fluke) to the brass block with bone wax. Normal physiological condition of mosquitoes was confirmed by the existence of the tarsal reflex throughout and after all experiments. All experiments were performed on a vibration isolation table (VHT3636W-OPT, Newport corp.).
(c) Sound stimulation Sound was delivered via a Beyerdynamic DT770 headphone (total harmonic distortion 0.2%) positioned approximately 10 mm from the antennae. Acoustic stimuli were expressed in particle velocity (pV), which was measured by a nearfield microphone (Knowles (NR-23158-000)). The voltage output of the microphone increases linearly with pV, but in the near-field of a sound source (within l/6, where l is the wavelength of a pure tone) there is a nonlinear relationship between pV and sound pressure level (SPL). However, in the far field at a distance of more then l/6, the relationship is linear. Thus, SPL was measured in the far field in response to a 1 kHz tone at 1.5 m using a pressure microphone (Brü el and Kjaer 1/2 0 type: 2669). Measured SPL was used to calculate the pV at the same microphone position because of the defined relationship between sound pressure and pV in the far field. The pressure microphone was then replaced with the Knowles pV microphone and its response was measured at the same position as that of the pressure microphone. The sensitivity of the Knowles microphone was then calculated from the known pV and microphone responses. The calibrated Knowles microphone was then used to take measurements in the near field, where the relationship between SPL and pV is nonlinear.
(d) Mechanical measurements
The displacements of the flagellum were measured using a self-mixing, displacement-sensitive laser diode interferometer (Lukashkin et al. 2005) . The interferometer was positioned so that its optical axis was perpendicular to the length of the flagellum and directly opposite to the speaker. Because of the limited dynamic range of the interferometer, it was focused at the base of the flagellum to minimize measured displacements. The signal from the interferometer was amplified and low-pass filtered with a cut-off frequency of 3 kHz. The interferometer was calibrated by vibrating the piezo stack, on which it was mounted, over a known range of displacements. This calibrating vibration creates a sharp peak in spectrograms of the mechanical responses.
(e) Electrical measurements The receptor potential of the JO was measured using an electrolytically sharpened tungsten electrode inserted into the pedicel. Another electrolytically sharpened tungsten electrode was inserted into the thorax and served as a reference electrode. Signals from the recording and reference electrodes were fed into a differential amplifier with a gain of 10 000 and band pass-filtered between 5 and 2000 Hz.
(f) Signal processing Signals from the interferometer and the electrode amplifier were digitized at 25 kHz with a Data Translation 3010 data acquisition board. Frequency spectrums of signals were calculated using a 16384-point FFT. Data acquisition and preliminary data analysis were performed under computer control using programs written in MATLAB.
(g) Perfusion of Johnston's organ During injection experiments, the pedicel was punctured by a 50 mm glass pipette and then injected with either colchicine solution or colchicine-free control solution. About 10 mM of colchicine and 9 mM methylene blue were added to Hanks solution. Control Hanks solution contained methylene blue but no colchicine. Both solutions were seen to fill the pedicel with a dark blue colour (see electronic supplementary material, figure S2b). Cryosections revealed a distinct uniform blue staining in the pedicels of control and colchicine-injected mosquitoes.
(h) Determining mass of flagellum Flagella weight was measured by pulling the flagellum from live mosquitoes and placing them onto the tip of a finely pulled glass rod of calibrated stiffness. Bending of the rod owing to the weight of the flagellum was measured and the mass of the 11 flagella calculated and averaged. The stiffness of the rod was calibrated in a similar way using known weights made of Blu -Tack (Bostik).
RESULTS (a) Spontaneous oscillations of the flagellum
SOs of the flagellum were observed in both male and female mosquitoes in normal physiological condition (figure 2a). The physiological state of the mosquito was determined before and after altering the temperature and was confirmed as normal if a strong reflex was elicited in response to tarsal stimulation. The amplitude of the SOs at room temperature remained at almost constant amplitude and frequency throughout the experiment. In this study we present data collected from only male mosquitoes because the SO amplitude was much larger in males. SOs were observed in 31 out of 35 male mosquitoes that were believed to be in normal physiological condition. The inset in figure 2a shows a typical example of SOs of the flagellum recorded in the time domain. The SO frequency in this case was 290 Hz with a maximum amplitude of 15 nm recorded at a point 200 mm distal to the pivot of the flagellum, which corresponds to 4.3 Â 10 23 degrees of angular displacement. The SOs usually appear as a single peak in the amplitude spectra of the mechanical responses, although it was not uncommon to observe two peaks corresponding to different frequencies (e.g. 289 Hz and 312 Hz in figure 2a). Similar peak-splitting has been observed in the oscillations of isolated axonemes (Kamimura & Kamiya 1989 ) and its origin is not known. A shift of the SO frequency during the sampling period may be responsible for the peaksplitting in the mechanical recordings reported here. The SO persisted during stimulation with a pure tone (figure 2b), its amplitude increasing with stimulus level but the frequency of the SOs decreased, thereby deviating from the frequency of the evoked response.
The SOs of the flagellum were metabolically sensitive and disappeared post-mortem and were reversibly suppressed when the animals were cooled to 58C is not linear and has a break point at about 178C. Break points in the temperature-dependence of the beat frequency have been documented for different types of motile cilia and flagella (Coakley & Holwill 1974; Grove et al. 2005) . A break point in temperature-dependence has been shown for the activity of several motor molecules (Stein et al. 1982; Millar & Geeves 1983; Bohm et al. 2000) and is likely to be associated with conformational changes and/or phosphorylation in the motor ATPases and/or in associated molecules (Coakley & Holwill 1974; Grove et al. 2005; Salathe 2007 ). The dependence shown in figure 3a (pooled data from 12 mosquitoes) is fitted well by two linear regression lines above and below the breakpoint. Let us assume that the SO frequency is proportional to the rate constant of the reaction responsible for the SO. Then, the regression lines correspond to the natural logarithms of a modified Arrhenius equation
which gives the dependence of the SO frequency v (T ) ¼ 2pf on the absolute temperature T and activation energy E of a single rate-limited reaction responsible for the SOs. In this equation, K is the pre-exponential factor and R is the gas constant. bell-shaped and falls below the noise floor of the recording system beyond the 5-358C temperature range, which is well outside that usually encountered by Cx. quinquefasciatus mosquitoes in their habitat. Within this range the observed amplitude maximum is scattered between 20 and 288C (mean is 23.6 + 2.78C, n ¼ 7) which, according to the regression line in figure 3a , corresponds to changes in the frequency between 311 -431 Hz (the value corresponding to the mean temperature of 23.68C is 361 Hz). Normalized amplitude data in figure 3b are fitted by the equation for the amplitude of vibrations of a harmonic oscillator , which corresponds to sharper tuning with Q ¼ 6.1 + 1.3 (n ¼ 7). The averaged natural frequency of the individual fits f 0 ¼ 354 + 45 Hz (n ¼ 7) is not however significantly different from the pooled natural frequency. Table 2 systematizes the parameters that characterize the mechanical properties of the flagellum, including its stiffness coefficient, K ¼ mv 0 2 , obtained from the pooled data and individual fits.
(d) Temperature-dependence of the JO neural responses Oscillations of the compound electrical responses could be recorded from inside the JO at the frequency of the SOs of the flagellum (figure 4a). The similarity in frequency of the mechanical and electrical endogenous SOs indicates the close association between these two types of activity and, probably, that they share the same origin. We commonly recorded a component of the electrical response at twice the frequency of the SOs (2fSO; figure 4a ). Frequency-doubling of the electrical responses of the JO to a pure-tone acoustic stimulus is a welldocumented phenomenon for mosquitoes (Wishart et al. 1962) . The magnitude of the electrical oscillations followed the same bell-shaped temperature-dependence (figure 4b) as the amplitude of the mechanical displacement of the flagellum (figure 3b). Assuming that the magnitudes of the electrical and mechanical SOs are governed by properties of the same harmonic oscillator and fitting this dependence with a combination of equations (3.1) and (3.2), we find slightly different values for the natural frequency (table 2) . This difference is likely to indicate the existence of additional processing stages of the electrical responses within the JO and require modifications to the harmonic oscillator model used to fit the electrical responses. The other characteristics of the harmonic oscillator however are not significantly different from parameters obtained from the temperaturedependence of the mechanical SOs (table 2) . This suggests that electrical and mechanical oscillations are tightly coupled. It is worth noting that, for the temperature-dependence of the electrical SOs (figure 4b), the fitting of equations to data obtained from individual JOs (figure 4b, inset) also reveals significantly sharper tuning (compare the two columns of parameters for electrical responses in table 2). As for the mechanical SOs, this difference in parameters between pooled and individual data reflects the scatter of the maximum amplitude of mechanical responses obtained from different mosquitoes (figure 3b).
(e) Colchicine blocks the SOs Extracellular application of the alkaloid colchicine causes disruption of microtubules in the dendritic cilia of Arthropoda mechanoreceptors (Moran & Varela 1971) . To examine the involvement of the microtubular system in the SO generation, we injected insect physiological solution containing 10 mM of colchicine and 9 mM of methylene blue into the JO. Methlylene blue was used as a marker to ensure that solutions filled the JO (electronic supplementary material, figure S2) . Staining of the JO with methylene blue was confirmed by inspection of cryosections of the injected JO after the experiment. Injections of colchicine-containing solution blocks SOs within 10 min ( figure 5a,b) . SOs did not re-appear during further observations (up to 2 h). The oscillations Amplification in the mosquito hearing organ B. Warren et al. 1765
remained after injection of a control, colchicine-free physiological solution, which contained methylene blue only ( figure 5c,d ). Colchicine injection did not block mechanotransduction and acoustically evoked electrical responses, though smaller in amplitude, could still be elicited in the JO following the colchicine-associated block of the SOs (figure 5e). The decrease in amplitude of electrical responses following the injection could be owing to changes in the electrical properties of the JO or to local damage of the sensory cells in the vicinity of the pipette tip caused by the injection.
The colchicine experiments reveal that the mechanism responsible for the SOs is not part of the transduction apparatus because, after the application of colchicine and the loss of the SOs, receptor potentials could still be recorded from the JO. There is a possibility, however, that the transduction machinery is complex and that colchicine application disrupted only a microtubuleassociated part of the transduction machinery making SOs impossible but leaving the mechanically gated transducer channels intact, thereby allowing mechanostransduction. mutants with ciliary defects (Gö pfert & Robert 2003) . It has been suggested (Gö pfert et al. 2005 ) that the molecular motor driving the active amplification of responses, and hence likely to drive the SOs of the antennal receiver is analogous to the molecular machinery responsible for the SOs that have been measured in the hair bundles of vertebrate hair cells, where oscillations are generated because of interaction between the mechanoelectrical transducer gating kinetics and a myosin-based adaptation mechanism (Martin et al. 2000) . While the transducer apparatus contributes significantly towards the mechanical properties of the antennal receiver (Albert et al. 2007; Nadrowski et al. 2008) , the presence of a myosin -actin motor associated with transducer channels of the JO sensory neurons has not been demonstrated. In fact, data presented in this report show that the ratelimiting reaction associated with the SOs of the mosquito antennal organ is unlikely to be owing to a myosin-based motor.
Our estimates of the activation energy of the ratelimiting molecular processes powering the SOs for temperatures above 178C, which is well within the usual temperature range of Culex mosquitoes, gives a value of 30 kJ mol 21 ( figure 3a) . This activation energy, and in fact the activation energy of 43 kJ mol 21 for temperatures below 178C, is lower than for in vivo systems based on the myosin ATPase but matches that of in vivo systems powered by dynein and kinesin (see table 1 and references within). Dynein, however, is the only motor molecule distributed throughout the length of the sensory cilium (Thurm et al. 1983) . This strongly suggests that the dynein -tubulin system powers the SOs. The experiment where colchicine is used to block the SOs, presumably via depolymerization of microtubules and hence depriving the dynein of its substrate, provide additional evidence for this hypothesis.
Colchicine blockade of the SOs demonstrates that microtubules are an essential part of the mechanism, which is responsible for the SO. The transduction apparatus alone is not capable of generating the SOs because the electrical responses of the JO and hence transduction were preserved after complete block of the SOs by colchicine. Neural electrical responses were consistently observed after colchicine injection and loss of all oscillations. Thus, the transduction mechanism appears not to depend on the integrity of the microtubule cytoskeleton. This also has been confirmed by Erler (1983) who recorded electrical responses in the hair receptor of the cricket after destruction of the tubular body by visblatine. Interestingly, Gö pfert & Robert (2001) recorded flagellar oscillations in mosquitoes, which failed to elicit electrical responses in the JO. This provides further evidence that mechanical SOs may not depend on the transduction machinery.
Based on the morphology of the sensory cilia (Boo 1981) and mechanical responses of the antennal receptor (Nadrowski et al. 2008) , the dynein -tubulin system may be involved in the generation of the SOs through two fundamentally different mechanisms. Firstly, the SOs may be generated using the same ancestral mechanism that powers motile cilia. This idea is based on the similarity in morphology of the dendritic cilia of insect scolopidial neurons and motile cilia (Wiederhold 1976) . In fact, the dendritic cilia of the JO have a 9 Â 2 þ 0 axonemal organization that lacks the central pair of microtubules which, does not usually prevent cilia from being motile (Gö pfert & Robert 2008) . The sensitivity of motile cilia to mechanical stimulation has been reviewed (Wiederhold 1976) . Hence, it is logical to suggest that cilia with a primary sensory function can also be motile (Wiederhold 1976) , using this motility for active amplification of responses to weak stimulation. So far, active bending of cilia in scolopidial organs has been demonstrated in morphological studies only (Moran et al. 1977) . Involvement of the dynein -tubulin motor in SO generation does not, however, exclude the involvement of the transducer machinery. In this second scheme, the dynein -tubulin system plays the role of an adaptation motor, analogous to the tip-link-associated myosin adaptation motor of hair cells of lower vertebrates (Kernan & Zuker 1995) . Here, SOs are generated because of interplay between the gating kinetics of the transducer channels and the dynein -tubulin-based adaptation motor. It is worth noting however that cyclic movement is natural to the dynein -tubulin complex as demonstrated by in vitro experiments, when the presence of microtubules was sufficient to activate oscillatory movement of the dynein ATPase (Kamimura & Kamiya 1989; Shingyoji et al. 1998) .
It has been demonstrated that autonomous oscillations can significantly improve system sensitivity and gain in noisy environments (Martin & Hudspeth 2001; Nadrowski et al. 2004) . The SOs of male mosquitoes are observed within the frequency range of the female flight tone and, hence, may be functionally significant in detecting flying females when mating in swarms (Gibson & Russell 2006) . It is worth noting that both the frequency of SOs at any given temperature (figure 3a) and the calculated natural frequencies of oscillations of the antennal receivers (table 2) demonstrate a significant scatter, which may be important for covering the range of the female mosquito flying tones.
This report provides the first in vivo evidence for the involvement of the dynein -tubulin system in the generation of SOs and, hence, power amplification in mosquito antennal receivers. The auditory receptor of mosquitoes has recruited a mechanism already engineered for generating motility in cilia and flagella. The molecular basis of this mechanism is distinct from that of the mechanoelectrical transduction channels in the cilia membrane and, therefore, different from that in vertebrate auditory and vestibular receptors, where motility and transduction have been attributed to the transduction apparatus.
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